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Summary
An ethanol-acetic acid-formol saline fixative (40 : 5 : 10 : 45 v/v) has been developed which gives good results with non-perfused rat lung and which may be used routinely for the fixation of a wide range of rat tissues. The special qualities of the fixative include good penetration, good fixation of nuclei and mitotic chromosomes, and little shrinkage after paraffin embedding. The fixative is also easy to use and has a . flexible fixation period (nominally 48 h). Although several fixative mixtures containing alcohol, acetic acid and formalin have previously been reported, none are identical to the present mixture, which was developed independently and systematically in accordance with specific listed requirements.
Carnoy's fluid (alcohol-chloroform-acetic acid, 60 : 30: 10 : v/v), a rapid and deeply penetrative fixative, has been used to good effect in this laboratory for the fixation of non-perfused lung tissue excised from recently killed experimental rats. It gives excellent nuclear fixation, preserves chromosomes well and produces generally good staining reactions. It has good storage properties and is easy to compound. However, in an expanded programme of work incorporating a wide range and increased throughput of tissues, and using automated processing schedules, the continued use of Carnoy's fluid as a general purpose fixative was precluded by its critical fixation time (see Pearse, 1968) ; also it causes excessive shrinkage of some tissues and is relatively expensive because of its high chloroform content. The search was begun, therefore, for a replacement fixative which would give good histological and cytological detail in a wide range of tissues, have a flexible fixation period and be relatively safe and simple to use. The following list of specific requirements was compiled:
1. good penetration and fixation of uninflated (non-perfused) lung tissue;* 2. good nuclear fixation and preservation of mitotic chromosomes; 3. good results using routine automated paraffinembedding techniques; 4. a flexible fixation period (nominally 48 h); 5. adequate fixation of a wide range of rat tissues; 6. simple formulation, easy to use and inexpen-sIve; 7. minimal hazard to laboratory personnel in constituent form and in normal use; 8. good results with haematoxylin and eosin (H & E) and a trichrome (Azan substitute) stain.
Consideration
of these criteria ruled out many fixatives in common use (e.g. Zenker, Bouin and Susa), mostly because of their failure to conform to criteria 4, 6 and 7. 'Washing-out' procedures and reagents requiring special handling were to be avoided. This paper describes how, through many and various trials, a suitable fixative fluid comprising ethanol, acetic acid, formalin and saline was systematically developed. It transpires that similar combinations of reagents have been reported in the literature since the late nineteenth century, though recent references are few. Gregory (1980) underlined the importance of reassessing the formulation of fixatives in order to find a mixture which satisfies one's specific requirements.
Materials and methods
The following materials and methods were used throughout the investigation except where otherwise stated.
Animals
Hooded rats of the Strangeways strain were used.
'The nature of current experimental \vork precludes the perfusion of the lung with fixative.
Tissues
Tissues were always removed from freshly killed animals. Euthanasia was by ether. * Lung tissue was used in all fixative trials detailed below; in each case several pieces were dissected out for fixation (base of inferior right lobe, top of left lobe and whole of superior right lobe), without perfusion with fixative. Where a wider range of tissues is indicated in the text the following tissues were also fixed; oesophagus, stomach, spleen, liver, lymph nodes, thymus and kidney. Occasionally brain, skin, uterus and tumour tissue were included. Maximum tissue thickness was 10 mm.
Fixation
A fixative to tissue volume ratio of at least 10 : 1 was maintained in all trials, and fluid was replaced by fresh mixture after about half an hour.
Duration of fixation was normally 48 h; tissues were then trimmed as necessary, placed in labeled Tissue-Tek III plastic cassettes (Miles Laboratories Ltd, Slough, UK) and immersed in a 70% ethanol holding bath prior to processing.
Tissue processing
This was performed with a Shandon 2LE automatic processor (Shandon Southern Products Ltd, Runcorn, Cheshire, UK) on a standard 24-h schedule using the following reagents in order: 70% ethanol, 90% ethanol, absolute ethanol (J. Burroughs, London, UK) (dehydration), trichlorethylene (SLR Grade; Fisons Scientific Apparatus, Loughborough, Leics, UK) (clearing) and pure paraffin wax (R. A. Lamb, London, UK) at 60°C, incorporating a period of vacuum-embedding.
A Shandon Histocentre was used in the preparation of wax blocks. 
Cutting and staining

Results
The results of the various trials are presented in the order in which they were performed, reflecting the logical progression of the investigation. Explanatory commentary is included at each stage.
Formalin alone
10% neutral buffered formalin (4':;0 formaldehyde) has many desirable features recommending its use as *Possible lung damage due to ether euthanasia was always taken into account when assessing the efficacy of the various fixatives.
Harrison a routine fixative. It is generally considered to be deeply penetrating, though slow in action (recommended fixation periods being 48 h or more); fixation is continuous, with little danger of 'overfixation'. It is a good cytoplasmic fixative and gives little shrinkage during fixation; indeed it is thought to preserve the structure of the living cell better than any other primary fixative except osmium tetroxide (Baker, 1958) . It is also inexpensive. However, formalin does have some important disadvantages (see Wallington, 1955; Lillie, 1965; Pearse, 1(68) ; in particular it gives rather poor results when tissues are embedded in paraffin, and has been described as giving a 'soft' fixation of delicate tissue structures. Shrinkage during processing, resulting in pericellular artefacts, is considerable.
Also nuclear fixation is poor because nucleoproteins are not coagulated by formalin and mitotic chromosomes are poorly preserved.
Formalin penetrates only at moderate speed into tissues (Dempster, 1(60), and it was found after trials in this laboratory that its slow fixation of non-perfused lung tissue gave poor results. Histological examination of lung fixed in neutral buffered formalin revealed a general lack of contrast and poor nuclear definition. Most other tissues were reasonably well fixed and gave an acceptable picture for general micro-anatomy.
Because formalin as a primary fixative has many desirable qualities, it was decided to develop either a novel technique using formaldehyde, or a compound fixative incorporating formaldehyde, which would overcome the major defects of formalin used alone. Wallington (1955) attempted to solve the problem of 'soft' fixation by immersing formalin-fixed tissues in a second fixative. His aim was to produce a tougher coagulum of the tissue components which would stand up better to paraffin embedding. He obtained improved results after transferring tissues from formalin to various other standard fixative mixtures: formol-sublimate and Helly's fluid were found to be the most useful of these secondary fixatives.
Secondary fixation
To investigate the possibility of using secondary fixation techniques successfully in this laboratory, pieces of rat lung were fixed for various periods of time in neutral buffered formalin and then transferred to Canoy's fluid for a period of 1 or 2 h. A general improvement of fixation was observed, especially with regard to definition and contrast, and in this respect the treatment was successful. However, no improvement in nuclear and chromosome fixation was observed. It appears that for satisfactory nuclear preservation the primary fixative used must be effective in this respect. Further, secondary fixation necessarily incurs increased time and labour.
Bayley's modified formalin
The use of an additive to formalin to improve nuclear fixation directly was then considered.
In a preliminary investigation the effects of adding glacial acetic acid (2 vol) to 10% formalin (98 vol) were studied. This mixture was recommended by Bayley (1949) as a cure for 'pink-disease', a condition affecting formalin-fixed tissue in which some nuclei partly or wholly reject haematoxylin and become acidophilic.
Improved results with regard to nuclear fixation were obtained with Bayley's formalin-acetic acid mixture, but problems of 'soft' fixation and poor cellular definition remained.
Formalin and alcohol: complementary fixatives
According to Baker (1945) , fixation is primarily the stabilization of proteins, and fixatives fall into 2 main categories with respect to their action on proteins; coagulants and non-coagulants.
The latter substances are thought to form additive compounds with proteins (Culling 1957) . Although noncoagulant fixatives generate fewer artefacts, they generally give tissues a consistency that stands up poorly to paraffin embedding.
This failing can be remedied by the addition of a proportion of a coagulant fixative. So to the basic 10% formalin solution (non-coagulant) was added a proportion of ethanol (coagulant).
Ethanol was chosen because it is readily available, safe and easy to use. Also it is a simple fluid requiring no washing-out from tissues prior to processing and it is fully compatible with formalin; indeed alcoholic formalin is a standard fixative referred to in many texts. Gray (1954) lists several variants of this combination, but the one comprising 90 vol of alcohol to 10 vol of 40% formaldehyde solution (referred to here as 90% alcoholic formalin)
is the most commonly used mixture for specific purposes such as improved glycogen fixation and for special stains (e.g. see Cowdry, 1943; Lillie, 1965; Pearse, 1968) . The use of alcohol as a diluent of formaldehyde has been described as resulting in faster fixation and greater hardening of the tissue.
Pieces of lung fixed in 90% alcoholic formalin, when compared to pieces fixed in formalin alone, showed improved histological definition, especially of lung alveolar septa, somewhat better nuclear fixation and slightly improved cytoplasmic detail. However, considerable shrinkage artefacts spoilt the overall result and mitotic chromosomes still were obscure.
70% alcoholic formalin (70 vol ethanol, 20 vol 327 distilled water, 10 vol 40% formaldehyde) was then tried, giving similar results with improved, but still unacceptable, degrees of distortion. Further trials with 60% and 50% alcoholic formalin gave slight subjective improvements.
Alcohol-formalin mixtures thus gave generally disappointing results. Combination of the 2 fluids seemed to produce a better tissue coagulum, giving improved definition after paraffin embedding, and speed of fixation and infiltration of fixative was enhanced, but shrinkage became a serious problem (improved by reducing alcohol content) and nuclear fixation remained poor.
The addition of acetic acid to alcoholic formalin
Acetic acid, according to Baker (1945) and others, precipitates nucleoproteins and gives good nuclear and chromosome fixation; it also prevents or counteracts shrinkage during fixation and is known to penetrate very rapidly (Baker, 1945; Dempster, 1960) . It is widely used in fixative mixtures, indeed the trio of coagulant plus non-coagulant plus acetic acid is a common combination.
Many of the fixative mixtures used in micro-anatomy, histology and studies of chromosomes contain acetic acid. When formulating a new fixative mixture, each component chosen should, as far as possible, compensate for defects in the others. In the present study, therefore, it was decided to add acetic acid to an alcohol-formalin mixture in an endeavour to minimize shrinkage while enhancing nuclear fixation. Formaldehyde, alcohol and acetic acid are chemically fully compatible with each other and none require washing-out or other special treatment. All 3 components have good tissue penetration characteristics (Cafruny, 1957; Dempster, 1960) . 2 concentrations of acetic acid were chosen for investigation, 5% and 2%, The amount of acetic acid to be added to the mixture was kept low because of the relatively long fixation period used (48 h) and because it is known that acdic acid swells tissues and tissue components, especially collagen, and that mitochondria and Golgi bodies may be damaged or destroyed by concentrations over 5% (Baker, 1945; . Acetic acid is frequently used in mixtures at 5% concentration (Gray, 1954) . 50% and 60% alcoholic-formalin gave best results in the previous trial, so these were chosen as the bases for the acetic acid-alcohol-formalin (AAF) mixtures. A 40% AAF mixture was also prepared, since Mann (1902 ( , quoted by Dempster, 1960 has shown that alcohol exhibits greatest histological precipitative action in the concentration range 40% to 60%. It was considered important to test the lowest feasible concentrations with 'a view to reducing cost, but further dilutions were not tried because Harrison aceti,c-formalin mixture was assessed after substituting 0 . 9% NaCl solution for distilled water. A complete trial was performed using a full range of tissues, and sufficient subjective improvement was seen in the overall histological picture for incorporation of saline in the mixture to be recommended.
EAFS causes partial lysis of red blood cells, which may be disconcerting for the histologist used to formalin but is otherwise of little consequence. Deposition of formalin pigment (acid formaldehyde haematin) occasionally occurs, especially in tissues *Kupperman & Noback (1945 , quoted by Gray, 1954 , using Lavdowsky's formalin-alcohol-acetic mixture, recommend adding I % ferric alum when tissues are to be stained with haematoxylin.
Histological characteristics of EAFS
The following special observations were made after histological study of many preparations:
L good contrast and definition of tissue structures; 2. good nuclear fixation and definition of mitotic chromosomes; 3. good preservation of all tissues especially lymphoid tissues, skin, lung and brain; 4. reduced haematoxylin and enhanced eosin staining reactions;* 5. minimal shrinkage artefacts.
This ethanol-acetic-formol-saline (EAFS) mixture appears not to have been previously formulated. Many alcohol-acetic-formalin mixtures are known ( Table 1) but nOne of these include sodium chloride or other indifferent salt, and they vary com,iderably in the amounts of the prime constituents. Perhaps the best known of these mixtures are those of Tellyesniczky (1898), Kahle (1908) and Lillie (1949) , whose formula is commonly referred to as Lillie's AAF. In his original paper Lillie quotes the ingredients of his mixture but makes no comment on its efficacy. Interestingly, Pearse (1968) , describes Lillie's AAF as being a suitable replacement for Carnoy's fluid in cytological studies, so the present study provides some independent confirmation of this observation.
The mixtures of Bodian (19:.8) and Romeis (1932) are most similar to the present fluid: Bodian comments that his mixture 'produces good results somewhat akin to Bouin's fixmive' . concentrations of alcohol of 30% and below are believed to act as dissociating agents for some tissues when applied for long periods (McClung-Jones, 1950) . 6 mixtures were thus formulated, containing 60%, 50% or 40% ethanol and either 2% or 5% acetic acid, the remaining volumes comprising distilled water. These mixtures are designated 60/2 AAF, 60/5 AAF, 50/2 AAF, 50/5 AAF, 40/2 AAF and 40/5 AAF. Reference to the literature revealed several of these mixtures to be similar to those formulated by other histologists (see Table 1 , especially Romeis, 1932; Fekete, 1938; Bodian, 1958 ).
An immediate improvement was seen in all the AAF-fixed tissues when compared to those fixed in formalin or alcoholic-formalin alone. Both nuclear and cytoplasmic fixation was improved and the histological picture was precise and well differentiated. Best results were seen with the mixtures containing 50% or 40% ethanol. A full trial was subsequently performed in which a broad range of rat tissues was fixed in 40/2 AAF, 40/5 AAF, 50/2 AAF and 50/5 AAF. During this trial it was observed that tissues with a large muscle component tended to contract appreciably after immersion in the fixative mixtures containing 50% ethanol. This effect was less marked in the 40% AAF mixtures.
All the AAF mixtures tested gave good results for lung and all tissues except kidney and liver, where the histological picture was somewhat inferior. Differences between treatments were small, but blind reading of the slides, with special reference to lung, showed the 40/5 alcohol-acetic-formalin mixture (i.e. 40 vol ethanol, 5 vol glacial acetic acid, 10 vol formaldehyde solution and 45 vol distilled water) to have produced overall superior results.
The incorporation of saline
In attempts to equalize the osmotic potentials of fixative fluids and body-fluids, many histologists have added to their fixative mixtures 'indifferent salts' such as sodium chloride. There are conflicting opinions about the virtues of adding indifferent salts and about the logic of attempting to balance osmotic pressures.
Independent experiments by Baker (1945) led him to conclude that some tissues are indeed better fixed when indifferent salts are added to the fixative mixture, and that the osmotic pressure of the indifferent salts should be near that of the tissues, but that there is no advantage in using a complex physiological saline; sodium chloride alone is sufficient. It has been suggested that the action of indifferent salts may not fundamentally be osmotic, but rather may influence the denaturing of protein by the fixative (Medawar, 1944 quoted by Baker, 1945 .
The effects of using saline in the 40% alcohol- containing laked blood or haemosiderin; this pigment may be readily removed by routine incorporation of 0·01 % KGH in 80% alcohol (10 min) or saturated picric acid in alcohol (2 h) in the staining schedules (see Cowdry, 1943; Drury & Wallington, 1967) .
No problems were encountered in routine usage of EAFS and all tissues cut easily on the microtome. A trial with methyl green-pyronin stain for RNA! DNA yielded satisfactory results. Further trials with EAFS revealed equally good fixation after 24 hand 5 days, indicating that the duration of fixation is not critical. Also, preliminary investigations have indicated that the absolute ethanol component of EAFS may satisfactorily be replaced by industrial methylated spirits (IMS).
Discussion
The results of the present study have shown that a mixture of ethanol, acetic acid, formaldehyde and saline gives good fixation of most tissues induding non-perfused lung. Apart from histological criteria, 2 of the prime requirements of the fixative given at the start of the investigation were that it should be safe and easy to use. For this reason various substances were avoided during the trials which are frequently found in other high-quality fixative mixtures (e.g. osmium tetroxide, mercuric chloride and dichromates).
Picric acid was omitted because it is dangerous in its anhydrous form and because it le~lVes a yellow colouration in tissues which is difficult to remove and often makes proper stain differentiation difficult. The constituents of EAFS are generally regarded as safe, although formalin and acetic acid both produce pungent fumes, and formalin especially must be handled with care in properly ventilated conditions. All the ingredients are otherwise simple to handle and the preparation of the mixture is straightforward.
The temperature at which the fixative is used would seem to be non-critical, and there are thought to be no major problems with regard to storage. Whenever possible the fixative should be made up freshly, but if long"term storage is unavoidable the fixative should be kept at low temperature (0-5°C); Gregory, Gref:naway & Lord (1980) have shown that the effective concentrations of the constituents of alcoholic Bouin's fixative change during long periods of stora.ge at room temperature.
After fixation in EAFS the tissues are removed to 70% alcohol where they may be stored indefinitely, or this may form the first stage in the processing schedule. The fixation period has been shown to be very flexible; the recommended minimum fixation time is 24 h, the optimum is 48 h but the fixation period may be extended to 5 days or more. This flexibility is an important feature of EAFS giving it advantage over various other fixatives which have marked hardening, dehydrating or other detrimental effects on tissues.
EAFS is recommended for use whenever paraffin embedding is to be used and formalin alone is unsatisfactory because of shrinkage artefacts, slow fixation and penetration, and poor cytological detail. Further, it may be useful as a substitute for critical-period fixatives when automated processes are to be introduced, or when washing-out procedures or nuisance substances are to be avoided.
